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Abstract

:

Global efforts to harmonize the sustainable development goals (SDGs) focus on understanding the nexus between carbon dioxide emissions (CO2) and the circular economy (CE). This study aims to capture variations in carbon emission performance behavior across different European countries, considering their economic performance, population density, material footprint, and circularity rate. The analysis utilizes panel data for 14 EU countries during the period between 2000 and 2020, specifically in relation to their performance within the SDG13 Framework. Empirical analysis employs Ordinary Least Squares, Fixed Effects and Fully Modified Least Squares techniques. The findings suggest that countries with a higher efficiency in utilizing materials within a circular economy framework and higher population density tend to exhibit lower levels of climate change mitigation. Conversely, an increased material footprint corresponds to higher CO2 emissions. This aligns with the circular economy’s emphasis on minimizing resource extraction through promoting reuse, recycling, and remanufacturing. A comprehensive understanding of the CO2-CE nexus is essential for formulating effective policies aligning circularity performance with the SDG13 framework.
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1. Introduction


Worldwide endeavors to combat climate change and transition towards more sustainable economic practices center around understanding the complex link between CO2 and CE. The European Commission’s reports confirm the European Union’s action plan to achieve sustainable development, emphasizing circularity in the consumption and production process [1,2]. Within this context, the EU has prioritized the transition from a linear economy to a CE, aiming to achieve most of the 17 SDGs [3]. Recent studies have confirmed the significant correlations between the adoption of CE practices and SDG13 targets [4,5,6].



The existing literature extensively establishes the connection between carbon emissions and gross domestic product [7,8], as well as between carbon emissions and population density [9,10]. Other studies delve into the overall carbon footprint associated with material consumption [11,12]. Understanding the CO2–CE nexus is essential for policymakers, researchers, and businesses dedicated to environmentally responsible strategies [13]. While many studies underscore the importance of circularity in climate change mitigation, their findings are contradictory. The empirical examination of the impact of the CE on CO2 indicators, considering recycling rates, reuse, and waste management, has yielded various results [6,14,15,16]. The CE is intricately linked to climate change in its promotion of the efficient use and reuse of materials, thereby lowering the energy consumption and greenhouse gas emissions associated with resource extraction, transportation, and manufacturing processes. By conserving resources, the CE contributes to mitigating climate change. In a CE model, waste is minimized through strategies such as recycling, remanufacturing, and refurbishing. By extending the lifespan of products and materials, the need for producing new goods from scratch is reduced. This means lower demand for raw materials and energy-intensive manufacturing processes, resulting in reduced greenhouse gas emissions. This shift away from fossil fuels helps decarbonize energy systems, a significant factor in climate change mitigation. Certain CE practices, like reforestation and sustainable land management, can also enhance carbon storage in forests and soils. Additionally, considering the entire lifecycle of products and services, the CE aims to optimize resource flows and minimize negative environmental impacts. This systemic approach helps build more resilient economies and societies capable of coping with climate change challenges.



To the best of the authors’ knowledge, no empirical studies have examined the CE–CO2 nexus by using the circular material use rate (CMU) as the independent variable and employing panel data for EU countries. To address this gap, the empirical analysis aims to capture variations in carbon emission performance behavior across different European countries, considering not only their economic performance (GDP) and population density (DENS), but also their material footprint (MF) and circular material use rate (CMU). Econometric techniques, including Ordinary Least Squares (OLS), Fixed Effects (FE), Random Effects (RE), and Fully Modified Least Squares (FMOLS), are applied to understand the relationship between these variables and CO2 emissions. For the purpose of our study, panel data for 14 selected EU countries for the period 2000–2020 are chosen based on their performance within the SDG13 Framework. More precisely, data are selected for EU countries that are top performers, considering their greenhouse gas emissions in comparison to the EU limits for 2020. A comprehensive understanding of the CO2–CMU nexus is pivotal for establishing effective policies that harmonize circularity performance with environmental sustainability.



The subsequent sections of the paper are as follows: Section 2 provides a review of prior empirical research on the relationship between the independent variables and carbon emissions. Section 3 presents the data and methodology employed in the empirical analysis, while Section 4 and Section 5 present and discuss the empirical findings, respectively. Section 6 concludes the paper, offering policy implications and suggesting further research.




2. Literature Review


The intricate link between carbon dioxide emissions and gross domestic product is central in environmental economics and climate change research. This nexus encapsulates the complex dynamics between economic development and environmental consequences [7,8,17]. Traditional rapid economic growth has often been associated with an increase in CO2 emissions, attributed to heightened industrial activities and increased energy use [18,19]. The Environmental Kuznets Curve (EKC) hypothesis posits a potential reversal of this trend, suggesting that further economic growth could reduce CO2 emissions as nations adopt cleaner technologies and environmental policies [20]. However, empirical evidence on the precise nature of this relationship is diverse, with some studies supporting the EKC’s inverted U-shaped curve and others proposing a positive linear correlation between GDP and CO2 emissions [21]. Recent research, considering global economic changes and the impact of international trade, has added complexity to this nexus, underscoring the necessity for diverse analyses considering diverse economic structures [22]. Other studies have found that the relationship might be represented by an N-shaped EKC, implying that environmental degradation will rise again beyond a certain income level [23,24].



Exploring the CO2–population density nexus involves considering various intricate factors that influence carbon dioxide (emissions in densely populated areas). In regions with higher population density, increased energy demands, industrial activities, and transportation needs may contribute to elevated CO2 emissions [25]. However, the relationship is multifaceted, as densely populated areas may also exhibit characteristics of greater efficiency, technological innovation, and a proclivity for sustainable urban practices [26]. The Environmental Kuznets Curve (EKC) hypothesis, often applied to understand the relationship between economic development and CO2 emissions, suggests that the impact of population density on CO2 emissions may follow a similar pattern, initially escalating and subsequently diminishing with increased levels of development and urbanization [9,10,27]. Recent research considering urban planning strategies, technological advancements, and policy interventions has added further complexity to this nexus [28,29].



The nexus between CO2 emissions and material footprint is a focal point in contemporary discussions on sustainable development and environmental assessment. The material footprint, which signifies the total amount of raw materials extracted and used by a country, incorporates both domestic extraction and imported materials [30,31]. The activities involved in the extraction, production, and utilization of materials often contribute significantly to CO2 emissions through energy-intensive activities. A high material footprint is commonly linked with increased energy consumption and greenhouse gas emissions, thus making a notable contribution to climate change [32]. Conversely, reducing material consumption and enhancing resource efficiency can potentially mitigate CO2 emissions [33]. Striking a balance between economic development and resource sustainability is essential to tackle the interconnected challenges of climate change and resource depletion, highlighting the significance of the nexus between CO2 emissions and material footprint. A shift towards a circular economy, prioritizing recycling, reuse, and sustainable material management, is a promising strategy able to decouple economic growth from environmental degradation and diminish the overall carbon footprint associated with material consumption [11,12].



The limited empirical literature on the relationship between circular economy indicators and CO2 emissions is characterized by conflicting evidence. While some studies suggest that a reduction in CO2 emissions is associated with circular economy practices, others find no compelling evidence of such a nexus. Advocates assert that the principles of the circular economy, which prioritize recycling, reuse, and waste reduction, can significantly lower CO2 emissions [34,35,36,37,38,39,40]. Studies suggest that implementing effective recycling methods and adopting innovative waste management practices within the circular economy framework may lead to decreased carbon emissions compared to traditional linear production and consumption models [15,41,42]. Conversely, skeptics argue that the impact of circular economy practices on CO2 emissions is not universally conclusive and depends on various factors, such as the efficiency of recycling technologies and industry-specific measures [43,44,45,46,47].




3. Materials and Methods


3.1. Sample


Our empirical study encompasses a dataset involving 14 European Union (EU) countries over the period from 2000 to 2020. The data selection is based on mapping the EU countries that demonstrate top performance in greenhouse gas (GHG) emissions, aligning with the EU’s set limits for 2020 (https://www.greenmatch.co.uk/). These countries are as follows: “Bulgaria, Croatia, Czechia, Greece, Hungary, Italy, Lithuania, Malta, Portugal, Romania, Slovak Republic, Slovenia, Spain and United Kingdom”.



Aligning with the theoretical discourse discussed previously and the study’s objectives, the specified structure of the empirical models (1) and (2) are specified as follows:


log(yit) = β0 + β1 log(xit) + β2 log(kit) + εit



(1)






log(yit) = δ0 + δ1 log(xit) + δ2 log(λit) + uit



(2)




where y represents the CO2 emissions in metric tons per capita in country i at time t where a higher value signifies a low environmental quality; x denotes the GDP per capita in constant 2015 USD (GDP), representing the level of economic activity in country i at time t; λ incorporates other variables influencing environmental quality, specifically population density (DENS), material footprint (MF), and the circular material use rate (CMU); and k incorporates those variables with the exclusion of the circularity rate to estimate the impact of circular economy progress on the convergence with the EU objectives related to limiting CO2 emissions. The coefficients to be estimated are represented by βi and δi, where β0 and δ0 represent the constant coefficients. The error term is represented by εit and uit.




3.2. Measures


3.2.1. Dependent Variable


In the current analysis, CO2 emissions expressed in metric tons per capita serve as the dependent variable, providing valuable insights into the average individual contribution to total emissions in the examined countries. The data are sourced from the World Bank, available in the World Development Indicators database. Figure 1 illustrates the evolution of CO2 emissions, offering evidence for the variations in CO2 emission levels across the top-performing EU countries. In 2020, Malta emerged as the leading nation among 14 EU countries, with the lowest CO2 emissions levels (3.13). Despite facing challenges due to its small size and limited resources, Malta has proactively invested in renewable energy sources. The country is exploring innovative solutions, such as offshore wind farms, to further reduce its CO2 emissions levels [48]. Portugal (3.78) has been a frontrunner in renewable energy, particularly wind and solar. Policies promoting clean energy and energy efficiency have significantly contributed to a decline in GHG emissions [49].



Romania (3.56) is actively reducing its reliance on coal and increasing the share of renewables in its energy mix [50]. Greece (4.77) is undertaking efforts to transition to a low-carbon economy by increasing the share of renewables [51], while Hungary (4.59) has implemented measures to improve energy efficiency and decrease its reliance on fossil fuels [52]. The United Kingdom (4.60) has made substantial progress in reducing coal usage and increasing the share of renewables [53]. Conversely, Czechia (8.30), Slovenia (5.93), and the Slovak Republic (5.32) exhibit the highest levels among the examined countries. However, Czechia has witnessed a decline in GHG emissions in recent years due to a shift towards cleaner energy sources [54]. Investments in nuclear energy and renewable projects significantly reduce the carbon footprint [55].




3.2.2. Independent Variables


The GDP per capita (constant 2015 USD) and Population Density (people per sq. km of land area) are sourced from the World Bank, specifically from the World Development Indicators database. Material Footprint (tons per capita) and the Circular Material Use Rate are obtained from Eurostat, available in the Circular Economy Indicators database.



The term GDP per capita is employed to test distinct relationships with CO2 emissions. Figure 2 represents the progression of GDP per capita in constant 2015 USD, providing insights into the growth levels observed across the surveyed EU countries. Focusing on outliers in 2020, Bulgaria (7963.69) and Croatia (13,048.74) emerge as among the lowest-performing countries, while the UK (42098.60) and Spain (24,785.44) exhibit the highest GDP per capita values. This suggests that these countries may manifest distinctive patterns in terms of their economic growth and CO2 emissions. However, the higher GDP per capita in the UK and Spain could be associated with an initial increase in CO2 emissions followed by a subsequent decline, aligning with the theoretical concept of a U-shaped relationship [27]. Actual relationships can be influenced by various factors, including population density [56], material footprint [57], and the circular transition of each country [58].



Population density is useful for examining relationships with CO2 emissions as it enables an assessment of how the concentration of people in a specific area may influence environmental outcomes. A higher population density has the potential to contribute to increased energy consumption, industrial activities, and transportation demands, thereby influencing the overall carbon footprint. Malta stands out as the most densely populated area (1610.41), while Lithuania (44.63), Bulgaria (63.87), and Croatia (72.33) are among the least densely populated areas in the EU (Figure 3).



Material footprint refers to the total quantity of raw materials used to meet a country’s demands, encompassing both renewable and non-renewable resources. It serves as a valuable metric for examining associations with CO2 emissions since the extraction, processing, and transportation of materials contribute to carbon emissions. Understanding the material footprint allows for a comprehensive analysis of a country’s environmental impact. Examining the outliers in 2020 reveals that Bulgaria (20.68), Lithuania (21.68), and Romania (30.40) exhibit the highest levels of material footprint (Figure 4). This finding is intriguing, particularly considering Lithuania’s smaller size compared to the others, where one might expect a relatively lower material footprint. Romania, with its diverse economy encompassing manufacturing, agriculture, and services, and Bulgaria, an emerging economy with mining industries and agriculture, showcase higher material footprints. Contributing factors include population size, industrial activity, and consumption patterns. In contrast, Spain (10.04), Italy (10.23), and Greece (11.44) present lower material footprint values. This observation is noteworthy, particularly given Italy’s industrial base and consumption rates.



Figure 5 illustrates the evolution of circularity rates, offering insights into variations in waste collection for recovery practices across the studied countries. The circular material use rate is useful for examining its relationship with CO2 emissions and assessing a country’s efficiency in utilizing materials within a circular economy framework [37]. A higher circularity rate indicates improved resource efficiency, suggesting a reduced need for raw materials and lower CO2 emissions. Conversely, a lower circularity rate suggests a more linear, wasteful approach, characterized by increased resource consumption and emissions [59]. Among the top performers, Italy (19.5) and UK (16.4) showcase superior circularity rates, attributed to effective recycling incentives and regulations, a commitment to sustainability through investments in eco-friendly practices and technologies, and active engagement in the circular economy. These countries’ effective resource management practices in manufacturing and production processes position them above the EU average. Conversely, Romania (1.3) and Portugal (2.3) exhibit the lowest circularity rates, underscoring the need to prioritize circular practices [60]. Enhancing the efficiency of waste management systems and increasing the awareness and adoption of sustainable and circular consumption practices among the population are crucial for addressing these lower circularity rates. Emulating countries that have demonstrated improvements in waste collection methods can assist other EU nations in ensuring the proper disposal of electronic waste, preventing its accumulation in landfills.





3.3. Methods


The application of logarithmic transformation to variables ensures that the coefficients represent constant elasticities. Various methods, including Ordinary Least Squares (OLS), Fixed Effects (FE), Random Effects (RE), and Fully Modified Least Squares (FMOLS), are applied to understand the relationship between these variables and CO2 emissions spanning the period from 2000 to 2020. Key details about these variables are summarized in Table 1. Descriptive statistics reveal that the standard deviations of CO2, MF, and CMU are close to their respective means, indicating low variability. Conversely, the standard deviations of GDP and DENS exhibit considerable divergence from their means. Examining the minimum and maximum values also shows high variability across the data units. To determine the order of integration for the series, standard unit root tests (ADF tests) are employed [61]. Subsequently, Kao statistics are utilized for a panel cointegration analysis to assess potential long-term relationships among the variables across the sample countries [62]. The identification of cointegration confirms statistical support for Equations (1) and (2) across the entire panel. Given the same order of integration among variables and the rejection of the null hypothesis by the Breusch–Pagan test [63], conclusions based on FE can be drawn.





4. Results


4.1. Regression Analysis


Table 2 presents the long-run coefficient estimates obtained by applying Fixed Effects and FMOLS models. The regression model (1) with FE is presented in Equation (3). Significance at the 1% level is estimated, with 92% of the variability in CO2 emissions explained by the chosen explanatory variables, affirming their suitability. The estimated GDP coefficient implies that a 1% increase in GDP per capita results in a 0.66% reduction in CO2 emissions. Higher material footprint levels are associated with increased environmental degradation, while conversely, population density negatively correlates with CO2 emissions. The significant negative impact of population density and the positive effect of material footprint indicate the strong influence of these factors on the relationship between economic growth and CO2 emissions in EU countries.


log(CO2) = 13.22 − 0.66 log(GDP) − 1.34 log(DENS) + 0.46 log(MF)



(3)







Equation (4) reveals the regression results for model (1) with FMOLS. Higher economic growth leads to lower environmental degradation. The negative impact of population density on CO2 emissions implies that well-planned urban development can lead to more efficient resource use, reduced energy consumption, and lower per capita emissions. The positive correlation between material footprint and CO2 emissions may indicate a shift towards a circular economy. EU countries actively promote circular economy practices, emphasizing efficient material use and waste reduction, and contributing to reduced emissions associated with production and consumption. Nevertheless, these results diverge from those of the empirical study presented in [16], which found that, in the long run, a 1% increase in MF leads to a 0.62% reduction in CO2 emissions across 15 EU countries. The observed changes in the relationship between GDP and CO2 emissions may reflect the influence of significant investments in green technologies within the EU. These technologies, supported by policies promoting renewable energy and sustainable practices, have the potential to reduce carbon emissions even with ongoing GDP growth.


log(CO2) = −0.69 log(GDP) − 1.35 log(DENS) + 0.49 log(MF)



(4)








4.2. Regression Analysis on Model 2


A recurring challenge in the existing literature is the limited availability of short-span data on circular economy indicators and the absence of a suitable identification strategy to address endogeneity concerns. To address this gap, this study utilizes an extensive panel dataset covering European countries from 2000 to 2020. The research aims to bridge divergent perspectives within the literature regarding the relationship between CE and CO2 emissions. One school of thought asserts that CE decreases CO2 emissions [13,34,35], leading to notable reductions in CO2 emissions in countries implementing circular policies. Conversely, another strand suggests that CE lacks a substantial impact on CO2 emissions. Specifically, research indicates that chemical recycling technology is ineffective in mitigating CO2 emissions [44]. For China and Nigeria, increased energy efficiency in mining and extraction sectors did not lead to measurable CO2 emission reductions [43]. An examination of municipal waste recycling and renewable energy’s impact on environmental sustainability found no significant relationship between recycling rates and CO2 in EU member states from 2004 to 2017 [25].



The regression model (2) with FE is presented in Equation (5). The model is statistically significant at a 1% level, explaining 92% of the variability in CO2 emissions per capita with selected explanatory variables. A 1% increase in GDP results in a 0.60% decrease in CO2 emissions. High efforts in waste recovery are associated with lower CO2 emission levels; conversely, a higher material footprint is linked to increased CO2 emissions. The observed negative relationship between GDP and CO2 emissions could indicate a shift in the environmental consequences of economic growth for EU countries. Considering the negative relationship between population density and CO2 emissions, the positive relationship between material footprint and CO2 emissions and the negative relationship between circular material use rate and CO2 emissions for EU countries, resulting in a negative relationship between GDP and CO2 emissions, suggests a significant transformation in the dynamics of the association between economic factors and carbon dioxide emissions.



The negative relationship between population density and CO2 emissions implies that sustainable urbanization practices in EU countries are achieving notable reductions in per capita emissions in densely populated areas. The positive relationship between material footprint and CO2 emissions indicates that, as material consumption increases, so do carbon emissions, aligning with the environmental impact of resource extraction, production, and consumption patterns. The negative relationship between the circular material use rate and CO2 emissions suggests that adopting circular economy practices, which emphasize efficient material use and waste reduction, contributes to mitigating carbon emissions. This finding contrasts with the empirical study, which focused on Ghana and identified a long-term positive correlation between CE and CO2 emissions, attributed to potential rebound effects [64]. However, it is consistent with a study of 15 EU countries for the period 2000–2015, concluding that CE indicators, such as resource productivity and municipal waste recycling, tend to reduce CO2 emissions [16]. It also corresponds with research indicating that a 1% increase in the recycling rate of municipal waste resulted in a 0.06% decrease in CO2 emissions across 29 EU countries from 2000 to 2020 [37]. Additionally, the results complement an empirical study that found the effect of CMU on CO2 emissions to be insignificant for 27 EU countries during the period of 2010–2017 [15].


log(CO2) = 15.13 − 0.60 log(GDP) − 1.76 log(DENS) + 0.32 log(MF) − 0.09 log(CMU)



(5)







In Equation (6), the regression results for model (2) with FMOLS are revealed. The evolving relationships highlight the impact of policies prioritizing sustainable urban development, circular economy initiatives, and responsible resource management. These shifts may also be attributed to adopting green technologies and environmentally friendly practices, reflecting a commitment to reducing the carbon intensity of economic activities. The move towards a negative relationship between GDP and CO2 emissions could be influenced by the increased integration of renewable energy sources into the energy mix. EU countries focusing on clean energy may be experiencing a decoupling of economic growth from carbon emissions through sustainable energy practices.



Sustainable urban development is likely to be further supported by the implementation of green building standards. The efforts of EU countries to construct environmentally friendly buildings contribute to reduced energy consumption, resulting in lower carbon emissions in densely populated areas. The observed changes in consumer behavior towards sustainability and increased environmental awareness also contribute to these relationships. Consumers’ choices, when aligned with sustainability principles, influence overall carbon emissions. Collaboration among EU countries on environmental initiatives and adherence to international sustainability goals play a pivotal role in shaping these relationships. The collective commitment to shared environmental objectives contributes to positive shifts in the dynamics between economic growth and carbon emissions.


log(CO2) = −0.69 log(GDP) − 1.73 log(DENS) + 0.42 log(MF) − 0.10 log(CMU)



(6)









5. Discussion


The findings underscore that national recycling efforts are associated with lower CO2 emissions, while an increased material footprint corresponds to higher CO2 emissions. The results align with the empirical studies conducted by [33], emphasizing that a high material footprint is often linked to increased CO2 emissions. The negative correlation observed between a country’s economic growth and CO2 implies that eco-friendly urban planning, circular material utilization, and conscientious consumption have become more evident in higher-income countries. These results are in line with [20], highlighting that further economic growth can reduce CO2 emissions as countries adopt cleaner technologies and implement environmental policies. This study emphasizes the crucial role of sustainable urbanization practices in reducing per capita emissions in densely populated areas. The environmental impacts of resource acquisition, manufacturing, and product usage are deemed paramount. These findings are consistent with [26], emphasizing that technological innovation and a propensity for sustainable urban practices are significant drivers behind the negative correlation between population density and per capita emissions. Adopting circular economy practices substantially contributes to mitigating carbon emissions through judicious material use and waste reduction. These results are consistent with the studies conducted by [34,35,37,38], highlighting that CE principles can substantially reduce CO2 emissions.



CO2 emissions resulting from the burning of fossil fuels and the manufacture of cement are identified as significant contributors to climate change. These activities release substantial amounts of carbon dioxide into the atmosphere, contributing to the greenhouse effect and global warming [25,34,39]. Concurrently, the CMU is a key indicator for evaluating the circularity of an economy. It measures the extent to which materials are recycled, reused, or recovered within the economic system, reducing the need for extracting and consuming virgin raw materials.



The CMU decreases when a country heavily relies on the extraction of virgin resources, leading to a higher demand for raw materials and potentially increasing associated CO2 emissions. To enhance the CMU and reduce CO2 emissions, prioritizing effective waste collection systems is crucial. By improving waste management infrastructure, promoting recycling and recovery practices, and encouraging sustainable consumption patterns, countries can increase their CMU and reduce their reliance on carbon-intensive activities [15,39]. This, in turn, contributes to the mitigation of climate change by minimizing the need for extracting new raw materials and reducing the emissions associated with their production and disposal. For instance, repairing or refurbishing products, instead of discarding and replacing them, avoids the energy-intensive manufacturing of new products and directly reduces CO2 emissions. Remanufacturing electronic devices can save energy compared to producing new devices, leading to lower CO2 emissions in manufacturing. In construction, utilizing recycled materials instead of raw materials significantly reduces the CO2 emissions produced by demolished structures, minimizing the carbon footprint linked to material extraction [34,39].



In this study, potential rebound effects can be explored by examining how changes in behavior and policies counteract initially achieved positive environmental impacts. If circular economy efforts lead to the perception that waste disposal issues are adequately addressed, individuals and businesses might become less cautious about reducing overall consumption or adopting further waste reduction practices. For instance, a city implementing circular economy initiatives, like a recycling program, might witness increased consumption as residents believe their recycling efforts absolve them of responsibility. This could result in a rise in overall resource use, potentially offsetting the emissions saved through recycling. People might develop a false sense of accomplishment after participating in recycling, leading to increased resource consumption due to reduced guilt or perceived environmental responsibility.



The relation between a country’s economic growth and CO2 emissions suggests that, as countries reach higher levels of economic growth, there is a risk that the perceived benefits of eco-friendly practices might lead to satisfaction, potentially resulting in a relaxation of stringent environmental regulations. Rebound effects might occur if the benefits of economic growth at higher income levels cause people to neglect the environmental priorities that were initially emphasized. A country achieving high economic development may also prioritize industries with higher carbon footprints due to perceived economic benefits, resulting in increased emissions despite initial efforts to implement sustainable practices. However, in our study, high economic growth is negatively associated with environmental degradation within European countries. Decoupling effects may be evident as countries become more affluent, and air pollution may decrease.




6. Conclusions


This study investigates the long-term relationship among CO2 emissions, GDP per capita, population density, material footprint, and the circularity rate. It focuses on the top 14 greenhouse gas emitters within EU countries from 2000 to 2020. The empirical results suggest that countries demonstrating higher efficiency in material use within a circular economy framework and with regard to population density tend to exhibit lower levels of CO2 emissions. Conversely, an increase in the material footprint is associated with increased environmental degradation. This aligns with the priorities of the circular economy, which are to minimize resource extraction through the promotion of reuse, recycling, and remanufacturing. By extending the life cycle of products and materials, countries can reduce the need to extract raw materials associated with higher CO2 emissions levels. Circular economy practices, particularly recycling, generally require less energy than extracting and processing virgin materials, contributing to energy conservation and a diminished carbon footprint. In a circular economy, the emphasis on remanufacturing and recycling often reduces reliance on the energy-intensive traditional manufacturing processes that contribute to CO2 emissions. The use of recycled materials in manufacturing results in lower emissions compared to goods from raw materials. However, the effectiveness of such practices relies on supportive policies including tax incentives, extended producer responsibility programs, and regulations promoting sustainable manufacturing and consumption.



The study also shows a negative association between a country’s economic growth and CO2 emissions. This finding implies that as economies expand, CO2 emissions decrease. Economic growth is also associated with shifts in consumption patterns, such as service-oriented economies with a lower carbon intensity than manufacturing and heavy industry. Advanced economies often drive technological innovations, leading to breakthroughs in energy technology, transportation, and industrial processes that contribute to reduced carbon emissions.



Governments are advised to implement emission reduction strategies that focus on investments in cleaner technologies, thus promoting energy efficiency and enforcing industry emission standards. Policymakers can also encourage the research and development of green technologies to address the challenges associated with emissions during economic growth. Strengthening and enforcing environmental regulations become crucial during phases of rapid economic growth. Regulations should target industries with high carbon emissions and promote the adoption of best practices for material footprint reduction. The adoption of carbon pricing mechanisms, such as carbon taxes or cap-and-trade systems, can incentivize businesses to reduce their footprint and help internalize the environmental costs of carbon emissions. Recognizing the transnational nature of economic activities, countries should collaborate on international initiatives, sharing best practices and joint efforts to achieve common environmental goals.



The finding that countries with a higher population density tend to exhibit lower CO2 emissions levels can be attributed to the fact that a higher population density often result in more compact urban environments. In such settings, there is a greater potential for efficient land use, reduced sprawl, and shorter commuting distances. Compact urban planning promotes public transportation, walking, and cycling, significantly reducing the overall carbon emissions associated with transportation. Countries with a higher population density are more inclined to invest in and support robust public transportation systems. Well-developed public transit networks can diminish reliance on individual car travel, resulting in lower emissions per capita. Additionally, higher population density can facilitate economies of scale in infrastructure development, such as energy-efficient buildings, district heating, and waste management systems. These efficiencies can contribute to lower per capita energy consumption and emissions. In densely populated areas, individuals often benefit from improved access to services, amenities, and job opportunities in close proximity. Therefore, it is crucial to prioritize the development of efficient and accessible public transportation systems to minimize dependence on individual car travel, while simultaneously enforcing energy efficiency standards for buildings and infrastructure. Implementing education and awareness campaigns to promote sustainable practices and behaviors among residents in densely populated areas is also a positive step.



While this study provides valuable insights, it is essential to acknowledge its limitations and identify opportunities for future research. This study relies on panel data from 14 EU countries, capturing only the top-performing EU countries based on their greenhouse gas emissions compared to the EU limits for 2020. Expanding the analysis to include low-performing countries could enhance the generalizability of the findings. This study also focuses on economic performance, population density, material footprint, and the circularity rate as independent variables for carbon emission performance. However, factors such as policy frameworks, technological advancements, or cultural aspects could influence the relationship between circular economy practices and carbon emissions. Exploring these additional factors could provide a more comprehensive understanding of the carbon emission performance behavior across different countries.



Future research could investigate the factors influencing individuals’ perceptions of environmental responsibility, considering the impact of circular economy initiatives and recycling programs on attitudes and behaviors. Additionally, assessing the effectiveness of policy interventions in preventing rebound effects, with a specific focus on mitigating potential complacency and fostering sustained environmental benefits, is crucial. This study stresses the importance of formulating effective policies that successfully integrate circular economy practices with the SDG13 framework. Exploring potential synergies and trade-offs between circularity and other sustainable development goals could inform policy decisions in a broader context. This study examines carbon emission performance at the country level, but conducting sector-specific analyses could provide insights into the carbon emission behavior within different industries and sectors. This could help identify sector-specific strategies and interventions for promoting circularity and reducing carbon emissions. While this study employs quantitative techniques, conducting qualitative research, such as interviews or case studies, could offer deeper insights into the mechanisms and drivers behind the observed relationships. Understanding the underlying motivations, barriers, and enablers for circular economy practices and their impact on carbon emissions could be valuable for policymakers and practitioners. Future studies could also comprehensively analyze circular city models, emphasizing the potential challenges and unintended consequences associated with successful endeavors to reduce per capita emissions.
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Figure 1. CO2 emissions levels, Source(s): World Bank, Created by authors. 
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Figure 2. GDP per capita (constant 2015 USD), Source(s): World Bank, Created by authors. 
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Figure 3. Population density (people per sq. km of land area), Source(s): World Bank, Created by authors. 
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Figure 4. Material Footprint (tons per capita), Source(s): Eurostat, Created by authors. 
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Figure 5. Circular Material Use Rate, Source(s): Eurostat, Created by authors. 
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Table 1. Summary statistics.






Table 1. Summary statistics.





	Variable
	Obs
	Mean
	Std. Dev.
	Min
	Max





	CO2
	143
	5.50
	1.66
	2.97
	10.90



	GDP
	143
	17,819.24
	6683.10
	6433.64
	32,229.46



	DENS
	143
	203.40
	354.40
	44.62
	1610.41



	MF
	143
	14.99
	3.68
	8.13
	30.40



	CMU
	143
	6.04
	4.14
	1.30
	20.60










 





Table 2. Regression results. Dependent variable: CO2 emissions levels.
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Model 1

	
Model 2




	
Variable

	
FE

	
FMOLS

	
FE

	
FMOLS






	
Constant

	
13.22

	

	
15.13

	




	
GDP/capita

	
−0.66 ***

(0.08)

	
−0.69 ***

(0.11)

	
−0.60 ***

(0.11)

	
−0.69 ***

(0.16)




	
Population Density

	
−1.34 ***

(0.26)

	
−1.35 ***

(0.36)

	
−1.76 ***

(0.30)

	
−1.73 ***

(0.39)




	
Material Footprint

	
0.46 ***

(0.05)

	
0.49 ***

(0.08)

	
0.32 ***

(0.07)

	
0.42 ***

(0.11)




	
Circularity Rate

	

	

	
−0.09 ***

(0.03)

	
−0.10 **

(0.04)




	
R2

	
0.91

	
0.91

	
0.92

	
0.92




	
F-statistic

	
101.18 ***

	

	
85.03 ***

	








** 5% level of significance. *** 1% level of significance. Numbers in parentheses represent standard errors.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
9000
8000
7000
6000
5000
4000
3000
00 02 04 06 08 10 12 24 16 18 20
16000
14000
12000
10000
8000
00 02 04 06 08 10 12 24 16 18 20
22000
21000
20000
19000
18000
00 02 04 06 08 10 12 24 16 18 20
25000
28000
27000
26000
25000
24000
23000

00 02 04 06 08 10 12 24 16 18 20

HRV

16000
14000
12000

10000

1

0
00 02 04 06 08 10 12 14 16 18 20

ITA

35000
34000
33000
32000
31000
30000

q

0
00 02 04 06 08 10 12

14 16 18 2
12000
10000
8000
6000
4000

00 02 04 06 08 10 12 14 16 18 20
48000

46000

44000

42000

40000

3

0
00 02 04 06 08 10 12 14 16 18 20

GDP

22000
20000
18000
16000

14000

CZE

0
00 02 04 06 08 10 12

18000
16000
14000
12000
10000

8000

LIT

0
00 02 04 06 08 10 12

20000
18000
16000
14000
12000
10000

SVK

00
00 02 04 06 08 10 12

Year

14 16 18 20

14 16 18 20

14 16 18 20

26000
24000
22000
20000

18000

0
00 02 04 06 08 10 12

MAL

14 16 18 2

32000
28000
24000

20000

0
00 02 04 06 08 10 12

SVN

14 16 18 2

26000
24000
22000
20000

18000

00
00 02 04 06 08 10 12 14 16 18 20

Note: GDP per capita in constant 2015 USS (GDP) is the gross domestic product divided by midyear population





nav.xhtml


  sustainability-16-00296


  
    		
      sustainability-16-00296
    


  




  





media/file11.png





media/file2.png
4.5
00 02 04 06 08 10

4.0
00 02 04 06 08 10

3.5
00 02 04 06 08 10

4
00 02 04 06 08 10

BUL

by b P v
o ~ =5} ~

12 14 16 18 20

HUN

<

12 14 16 18 20

POR

¢
:

12 14 16 18 20

ESP

;

12 14 16 18 20

HRV

3.6
00 02 04 06 08 10 12 14 16

ITA

18 20

w (2] ~ oo

4
00 02 04 06 08

ROM

10 12 14 16 18 20

4.8
4.6
4.4
4.2
4.0
3.8
3.6

3.4
00 02 04 06 08 10 12 14 16

UK

18 20

4
00 02 04 06 08 10 12 14 16 18 20

Year

€02

CZE

8
00 02 04 06 08 10

LIT

12 14 16 18 20

2.8
00 02 04 06 08 10

SVK

12 14 16 18 20

5.2
00 02 04 06 08 10 12 14 16 18 2

GRE

4
00 02 04 06 08 10 12 14 16

MAL

18 20

2
00 02 04 06 08 10 12 14 16

SVN

18 20

9.0
8.5
8.0
7.5
7.0
6.5
6.0

5.5
00 02 04 06 08 10 12 14 16 18 2

Note: CO2 emissions are those stemming from the burning of fossil fuels and the manufacture of cement






media/file5.jpg
DENS

8L

.

HN iy

s % ¥ o

PR ROM

\ >

D

e

L i

ur

U

3
L
W

Nm-l’whﬁmmlﬂﬂlnslsuwmﬂaxmenﬂﬁyﬁlmﬁmmhﬂammhmkimm‘





media/file3.jpg
st ESIY

Xk 3

s

BEEEREE

.
3

Gop

HN [ u L

#or RoM W W

) [

vear
Note: GOP per capita in constant 2015 USS (GDP) isthe gross domestic product divided by midyear population





media/file1.jpg
3
suL v at e

Hun m ur AL
oM swc sm
£ w
vesr

‘Note: CO? emissons re thase stemmingfom the burning of fossl uels and the manulaeture of cement






media/file7.jpg
R —

Yo
iacadom s e ol o e

ELrfes 1 the amountof el






media/file10.png
N

1
00 02 04 06 08

7.5

7.0

0
00 02 04 06 08

6
00 02 04 06 08

7
00 02 04 06 08

BUL

S} w ~ v
=
(=] oo o

10 16 18 20

HUN

12 14

=

10 16 18 20

POR

12 14

?

10 16 18 20

ESP

12 14

<

10 12 14 16 18 20

cMU
HRV

1
00 02 04 06 08

4
00 02 04 06 08

CZE GRE

1
00 02 04 06 08

0 12 4 16 18 20 0 12 4 16 18 20 0 12 14 16 18 20
2 48 1
20 a4 12
18 10
4.0
16 8
3.6
1 6
12 32 4
10 8 2
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20
3.6 12 12
3.2
10 10
28
24 8 8
20
6 6
16
2 4 4
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20

He

13.5
00 02 04 06 08 10 12 14 16 18 20

Year

ote: CMU is expressed as the share of material resources used which came from recycled waste materials, thus saving extractions of primary raw materials






media/file9.jpg





media/file0.png





media/file8.png
MF
BUL HRV CZE GRE

= — no
o oo S
N
N~ oy oo O
= — no
o oo S
— = no ro
) o S ~

14 10 14 8
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20

HUN ITA LIT MAL

— — — —
o [N ~ o
— — =
) ~ o
— = — no
~ o oo S
= — — =
o [N ~ o

8 10 